Volatile organic compounds (VOCs) are detrimental to human health, and are also among the most important causes of secondary particulate formation and ozone pollution. The combined method of adsorption and non-thermal plasma has been attracting increasing interest due to its efficient energy consumption. This study aims to explore a new approach for removing gaseous toluene using electrically conductive charcoal (ECC) as an adsorbent and to trigger discharge. ECC was prepared from biomass and had a low electrical conductivity of 0.354 U cm and an abundant porous structure with a surface area of 717 m 2 g
Introduction
Among gaseous pollutants, volatile organic compounds (VOCs) are detrimental to both human health and the environment. Many VOCs are carcinogenic, causing serious health problems 1 and high levels of exposure can lead to paralysis of the nerve centre, nausea, muscle weakness, etc. Apart from the direct harmful effects caused by VOCs, indirect air pollution has also received considerable attention.
China is facing critical particulate pollution. 2 The concentrations of PM 2.5 in 74 major Chinese cities have exceeded the Chinese pollution standard of 75 mg m À3 for 40% of days in January, 2017. 3 A large portion (51-77%) of PM 2.5 mass consists of secondary species, i.e., secondary aerosols. Controlling secondary aerosol precursors is also becoming a major concern. VOCs play an important role in the formation of secondary aerosols through a series of gas-to-particle conversion paths, 4 as shown in Fig. 1 . Ozone pollution is also becoming increasingly severe due to photochemical smog, which is formed in the presence of VOCs. The 13th Chinese Five-Year Plan stated that total VOC emissions should be reduced by at least 10% by 2020.
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Reducing VOC emission in China is going to be a critical issue over the next few years.
Toluene is widely used as a solvent and raw material in chemical industries, pharmaceutical factories, and painting industries. Toluene plays an important role in the VOCs emission in China. 6, 7 It was estimated that toluene covered 6.2% of the total industrial VOCs emission in China in 2013. 7 Toluene has been a common VOC used for investigation in previous studies on DBD, [8] [9] [10] gliding arc discharge, 11,12 corona discharge. 13, 14 It was selected as a pollutant for testing in this study. Adsorption is an effective method of removing VOCs. It has been reported that the market share of adsorption was 38% of VOC treatment in China, based on 330 VOC treatment cases. 15 Porous carbonaceous materials, such as activated carbon, are widely used because of their abundant porous structures and high adsorption capacity. Once saturated, the adsorbents become hazardous residues that are then disposed or incinerated. This causes secondary pollution, but replacing carbonaceous materials with a new adsorbent is not cost-effective. From energy saving and economic point of view, regenerating the adsorbents and decomposing adsorbed VOCs would be preferable.
Of the numerous solutions to this problem, combining an adsorption method with non-thermal plasma (or sequential treatment) has been widely investigated due to its efficient energy consumption and cost-effectiveness. [16] [17] [18] [19] [20] [21] This approach could treat a wide range of VOC pollutant concentrations. Sivachandiran et al. 20 used a TiO 2 -based catalyst to adsorb isopropanol and then packed it in a dielectric barrier discharge (DBD) to remove isopropanol (IPA). They found that plasma regeneration of the IPA-saturated TiO 2 surface led to simultaneous IPA desorption and mineralization. Mok et al. 18 and Dang et al. 16 investigated DBD packed with g-Al 2 O 3 pellets via performing two sequential processes: toluene adsorption, followed by DBD oxidation. They found that adsorbed toluene was completely decomposed and ozone was the only by-product. Kuroki et al. 17 combined xylene adsorption by zeolite with decomposition by nonthermal plasma with gas circulation and compared two power sources with different frequencies. They reported that high frequency power increased energy efficiency; however, NO x by-products were found to be generated. Zhao et al. 21 investigated the removal of low-concentration formaldehyde from air using cycled storage-discharge (CSD), a plasma catalytic process, and used HZSM-5 impregnated with Ag/Cu as both catalyst and adsorbent. They found out that the process had an extremely low energy cost and excellent humidity tolerance, with almost no secondary pollution. In summary, they focused on zeolite, TiO 2 , HZSM-5, and Al 2 O 3 -based catalysts/ adsorbents loaded with heavy or transition metals, and almost all of the non-thermal plasma used DBD. The adsorbents mentioned above are also not electrically conductive and when they are submerged in the discharge area, they act as packed materials. Discharge was generated via dielectric barrier discharge and was not directly triggered by the adsorbents; thus, upscaling of the reactor would be limited by dielectric barrier discharge.
Electrically conductive charcoal (ECC) that has excellent adsorption performance and electrical conductivity was suggested as an adsorbent and to trigger discharge. This type of adsorbent has a high surface area (>700 m 2 g À1 ), and thus the concentration of VOCs could be highly promoted.
Carbonaceous adsorbents are cheap and renewable since they can be prepared from biomass, such as agricultural waste. Finally, when conductive adsorbent particles are in motion (for example, uidized) and subjected to high voltage, microdischarge occurs between particles. At the points where the particles separate, current densities are extremely high (as much as 10 4 to 10 7 A cm À2 ). 24 Arc discharge generated from the surface under an extremely intensive electric eld leads to the formation of abundant reactive species, which could be a potential method for regenerating and decomposing adsorbed VOCs. The discharge area and the reactor could be scaled up more easily than those based on DBD. Based on this observation, this study investigated this approach and aimed to understand the mechanism. Discharge characteristics were presented to examine the arc formation process. The inuence of factors on the desorption and decomposition of toluene were also investigated.
Experimental setup

Preparation of granular electrical conductive charcoal (ECC)
According to previous studies, the electrical conductivity of charcoal was related to its carbonization temperature. 4, 25 To enhance discharge between particles, charcoal with lower electrical resistivity was prepared through high temperature carbonization. CO 2 -activation was conducted for abundance of porous structure.
Granular corncob, obtained from Shandong Gaotangtewei Technology Co., Ltd, was used as a precursor for ECC preparation. A corundum container with 15 g dried granular corncob (30-40 mesh) was put into the tube furnace. N 2 (99.999%) was added into the furnace at a ow rate of 500 mL min À1 for half an hour to create an inert atmosphere. Aer that, the heating program started and the ow rate was reduced to 100 mL min À1 .
The temperature increased at a speed of 5 C min À1 from room temperature to 400 C to produce a high yield of charcoal and then at 10 C min À1 to 800 C for less of an effect on the charcoal yield. The temperature was maintained at 800 C for two hours for carbonization (the rst hour) and CO 2 -activation (the second hour). During carbonization, the gas entering the furnace was still N 2 at a ow rate of 100 mL min À1 . During the CO 2 -activation period, the gas was changed to CO 2 at a ow rate of 400 mL min À1 . Following this, the heating was stopped and the gas was changed back to N 2 at a ow rate of 100 mL min À1 until the furnace was cooled to room temperature. The charcoal obtained was washed in boiled water for two hours to remove ne particles, and then dried at 135 C for 12 hours. The particles were collected through a 40-60 mesh and stored in a desiccator. The ECC yield was about 22%. The prepared material had a conductivity of 0.354 U cm. The BET surface area of the ECC was 717 m 2 g À1 with an average pore size of 2.054 nm.
A general schematic of the experimental setup is presented in Fig. 2 , including gas preparation, the reactor, power supply, power measurement system and analytical device. These are introduced separately, as follows:
Gas preparation
Toluene was generated by bubbling N 2 through liquid toluene (HPLC grade), which was maintained at 30 C in a water bath.
Gaseous toluene was diluted with N 2 or air to a certain concentration in a mixing chamber. In the adsorption process, no voltage was applied. The gas mixture (N 2 + toluene) was introduced from the top and during the oxidation process, the gas mixture was changed to N 2 + air injected from the bottom. The percentage of O 2 was adjusted to 1%, and all of the gas ow rates were controlled by a Mass Flow Controller (MFC, Sevenstar).
Reactor conguration and power supply
A detailed description of the reactor is presented in Fig. 3 . It consists of a quartz tube
made of stainless steel. The two ends of the quartz tube were covered by a Teon cap. The electrodes were xed inside the upper Teon cap, with a distance of 6 mm between them. A Teon mesh for holding ECC particles was placed at the bottom of the tube. To prevent the mesh from being damaged by discharge, the bottom of the electrode was 20 mm above the Teon mesh and the input power was restricted.
The reactor was supplied with a high voltage transformer (50 Hz, 500 W). A voltage regulator was installed in the circuit to adjust output voltage (0-60 kV). A power meter was installed at the transformer input to measure input power. An inductance was installed in the circuit between the regulator output and the transformer input to protect the transformer from excessive current.
Power measurement and analytical device
Voltage and current were measured using a high voltage probe (P6015A, Tektronix), a current probe (CP8030A, Shenzhen Zhiyong Electronics), and a digital oscilloscope (DPO2014B, Tektronix). The power waveform was obtained by multiplying the voltage waveform and the current waveform. Discharge power was calculated from four seconds of weighted averaged power (integrating the waveform with respect to 4 s and divided by 4).
Gas chromatography (GC, Hangzhou Kexiao Chemical Equipment Co., Ltd.) was used to measure the concentration of toluene and was equipped with a ame ionization detector (FID). It was installed with an ATSE-30 capillary column. The column temperature was set at 90 C, and the split ratio was set at 5 : 1. The oxidation product was collected in a Tedlar gas bag (1 L) and analyzed with a Fourier transform infra-red (FTIR) spectrometer (Nicolet iS50) with a resolution of 4 cm À1 . It was equipped with a gas cell (Pike Technologies, optical path length ¼ 2.4 m). The entire equipment was operated in a sealed cover to avoid atmospheric interference. Before analysis, N 2 (99.999%) was introduced into the spectrometer to drive away the remaining gas in the gas cell for obtaining the background spectrum. Background spectrum before and aer the sample analysis is shown in Fig. 4 . No difference could be found, as shown in Fig. 4 (b), indicating that there was no atmospheric interference. More than 500 mL of sampling gas was introduced and the spectrum of oxidation product was obtained. FTIR spectra were collected with 32 scans per spectrum. The spectra were compared with Standard Reference Database from National Institute of Standards and Technology (NIST) 26 to identify the gas components.
The oxidation product was analysed using testo 350 gas analyzer (resolution and measuring range: NO (1 ppm, 0-400 ppm), NO 2 (0.1 ppm, 0-500 ppm)). It was sampled with a built-in pump at a ow rate of 1 L min 
Measurement of equilibrium temperature of ECC
Obtaining the temperature of the discharge zone on line by a thermal couple is very difficult because thermal couple's signal would be affected by arc discharge under a high voltage. Temperature at the top of discharge zone was measured with infrared thermometer (TECMAN TM900) during discharge (T inf.ther ). Aer that, the high voltage power and gas ow were turned off simultaneously and a thermal couple was inserted into the centre of the particle bed within ve seconds. The maximum value of the reading was obtained (T ther.coup ). It was found that T inf.ther was in accord with T ther.coup , as shown in Fig. 5 . As a result, T inf.ther was used to represent the temperature of ECC during discharge.
Experimental procedure
There were three consecutive processes: the adsorption process (red line in Fig. 2) , the oxidation process (the blue line in Fig. 2) , and the thermal desorption process, as shown in Fig. 6 .
In the adsorption process, 1 g of ECC was put into the reactor. The gas mixture was set at a high concentration ($1300 ppm) to reduce adsorption time, with a ow rate of 500 mL min À1 . Different amounts of adsorption were obtained through adjusting the adsorption time. The adsorption amount was obtained through the difference between the mass before and aer adsorption. Following the adsorption process, the reactor was ushed with N 2 (1.2 L min À1 ) for one minute to remove the toluene remaining in the reactor. During the oxidation process, the gas was switched to N 2 + air (1% O 2 ) at a ow rate of 1.2 L min À1 , with high voltage applied at the same time. The oxidation process was conducted for 90 min. The toluene concentration at the outlet of the reactor was detected by GC. The gas sampling interval was $1.4 min for the initial 10 min, which was increased aerwards ($3.8 min), because the desorption rate was higher at the beginning of the process. The toluene concentration curves were integrated, and the amount of toluene was obtained, denoted as m escape .
The remaining particles then underwent thermal desorption (TD) to determine the amount of toluene remaining in the adsorbent. The target desorption temperature was 400 C, which was increased at a rate of 10 C min
and then maintained for 1 h. The remaining toluene was completely desorbed at this temperature.
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The toluene concentration was continuously detected by GC so that the amount of toluene remaining in the adsorbent (m remain ) could be calculated. Therefore, m decomposed was calculated by subtraction (m adsorbed À m escape À m remain ).
Results and discussion
Discharge characteristics
Typical voltages, current waveforms and a photo of the discharge are presented in Fig. 7 . The waveforms were obtained under an input power of 150 W. The peak-to-peak voltage was $7 kV. Different time scales were chosen to allow for a deeper understanding of discharge characteristics. Voltages and currents changed periodically, following the frequency of the original power source (50 Hz). Dense current pulses with different amplitudes appeared successively over time, signifying the generation of dense discharge. A single pulse was selected (the dotted-line rectangle in Fig. 7(b) ) and described in detail ( Fig. 7(a) ). When voltage increased to a certain peak value, it dropped abruptly to near-zero, while the current rose up to its maximum value ($6 A) in less than 200 ns. The maximum current was maintained for about 30 ns and then decreased to near-zero ( Fig. 7(a) ) in less than 200 ns. The maximum value of current pulses was $9 A. These results are typical characteristics of arc discharge, 24 and each current pulse indicated electrical breakdown. Aer one pulse, the voltage increased immediately until it reached the next breakdown voltage and led to a new current pulse. As shown in Fig. 7(b) , pulses occurred every 23 ms (i.e. frequency $43 kHz). The frequency of repeated pulses ranged from $700 Hz to 50 kHz at different phase angles (Fig. 7(c) ). Almost no pulses were formed within a small phase angle ($12 ), where a polarity transition occurred. The waveform was occasionally disordered, and current pulses were interrupted irregularly ( Fig. 7(e) ). The gaps between conductive particles changed arbitrarily due to the turbulence of uidized particles; thus, arc discharge was distributed randomly within the uidized volume ( Fig. 7(f) ).
Decomposition characteristics with different adsorption amount
The adsorption amount was set between 53 mg g À1 and 217 mg g À1 . The input power was maintained at 175 W, and the average discharge power was $23 W. The outlet toluene concentration was presented herein, but no carbon balance analysis was undertaken because the carbon in the adsorbent and toluene were both involved in the reaction process. Fig. 8 presents the outlet concentration of toluene and the temperature evolution with discharge time under different working conditions. It is notable that there are substantial peaks at $10 min aer the discharge commenced (except saturated adsorption). The equilibrium temperature of ECC during discharge was 218-235 C. Fig. 9 compares the outlet concentration of toluene from furnace heating (curve A) and discharge (curve B) at the same maximum temperature ($220 C) and the same adsorption amount (79 mg g À1 ). Both the outlet concentrations peaked at around 10 min, indicating that there was a sharp increase in desorption (Fig. 9) . Similar results were reported by Mok et al. 18 and Klett et al. 28 The value of curve A was mostly higher than that of curve B, but the desorption rate was calculated to be $82% by furnace heating, which is lower than 98% by discharge (44.7% decomposed and 45.3% escaped). Thus, the arc discharge decomposed toluene and facilitated the desorption of toluene from ECC. 29, 30 It indicates that desorption of toluene was not just due to the thermal effect. Arc discharge may damage a part of the original active sites and weaken the bond between toluene and the adsorbent. This also accords with results in part 3.4, which showed that adsorption capacity decreased aer the rst oxidation process. This journal is © The Royal Society of Chemistry 2017 Fig. 10 provides an overview of the apportionment of adsorbed toluene under different adsorption amounts. Toluene was almost completely desorbed, with little toluene le in the adsorbent (m remain ) (Fig. 10) . The gure shows that there was a steady increase in the amount of toluene that escaped in the gas ow (m escape ) and a slight increase in the decomposition capacity (m decomposed ). The increase in m escape was evident because the desorption of toluene increased steadily as adsorption increased. The increase in m decomposed , however, was not signicant. This was likely because the adsorption amount already covered the decomposition capacity. Background gas was heated by discharge and the temperature increased along the vertical direction. Toluene desorbed more readily at the top of the discharge zone, where there were shorter residence times. This did not make full use of the decomposition capacity. In future upscaling applications, the decomposing capacity might be improved by heat exchange from the upper part to the lower part of the reactor. The oxidation product was collected in a Tedlar gas bag and analysed using FTIR (Nicolet iS50) to determine the oxidation products. The FTIR spectra are shown in Fig. 11 . The sample was taken at 20 min aer the discharge commenced. Adsorption peaks were detected for CO 2 , CO, H 2 O, CH 4 , and toluene, 18, 31, 32 indicating that decomposed toluene was oxidized into small molecules (CO 2 , CO, H 2 O and a small amount of CH 4 ). Almost no ozone or nitrogen oxides were produced in the emitted gas (O 3 < 0.01 ppm by Ozone Analyzer Monitor 2B 106M, NO < 2 ppm by testo 350).
Effect of discharge power
The input power was set at 100-200 W (corresponding discharge power was 17.4-26.3 W) to investigate the effect of discharge power. The amount of adsorbed toluene kept almost the same (79 mg g À1 ).
An overview of the toluene apportionment as well as equilibrium temperature is shown in Fig. 12 . There was a gradual increase of decomposition efficiency from 24% to 59%. Increasing discharge power enhanced the generation of energetic electrons while leading to the creation of more reactive species (such as O radicals). Toluene decomposition was accelerated by the temperature increase, which is conrmed by the inset in Fig. 12 . In practical operation, however, a proper discharge power should be selected because the mass loss of the adsorbent increases at higher power.
Effect of cyclic utilization on the adsorption capacity
The objective of this method was to regenerate the adsorbent while decomposing toluene. This is necessary for evaluating adsorption capacity changes aer cyclic utilization. Herein, 1 g of adsorbent was saturated with toluene and used in the oxidation process. Aer the oxidation process, the residual particles underwent thermal treatment, as introduced in part 2.6. These processes were repeated four times. The input power (175 W), ow rate (1.2 L min À1 ) and O 2 concentration (1% O 2 ) were kept at the same level. Mass before and aer each adsorption process was determined to obtain the adsorption capacity. The adsorption capacities are presented in Fig. 13 . Adsorption capacity continuously increased aer an initial decrease from 217 mg g À1 to 203 mg g À1 in the rst cycle. The adsorption capacity increased from 203 mg g À1 to 266 mg g À1 aer four cyclic treatments. The micro-morphologies of the adsorbent particles were observed via scanning electron microscopy (SEM) aer each cycle (Fig. 14) . The surfaces of the original particles were sharp with many ake-like structures. Aer the rst cycle, the surface became smooth, indicating the loss of surface fragments. Arc discharge impacted the surface, and the ake-like pieces were easily peeled off. 33 The pores were likely to have been regenerated (Fig. 14(c-e) ) due to the activation of oxygen. 34 Arc discharge might have led to the destruction of ne particles as well as the activation of the adsorbent. The mass loss of adsorbents was not negligible. For each cycle, about 15% of the original mass was lost on average. This is a problem that needs to be solved in further investigations.
Design for continuous treatment
A design for continuous treatment of VOC pollutant and the operating procedure are presented in Fig. 15 . The design includes three reactors (R1, R2, and R3). No emissions of VOCs at the effluent gas can be achieved.
(1) The adsorption process starts with R1 (red solid line in Fig. 15(a) , A / B in Fig. 15(b) ), with an adsorption time of t 11 . Before the breakthrough point, adsorption process is switched to R2 (B / C in Fig. 15(b) ), while R1 undergoes an oxidation process (blue line, B / B 1 ). At the same time, R3 undergoes readsorption process (red dotted line I), re-adsorbing the undecomposed VOCs of R2.
(2) The adsorption process was switched back to R1 at point C in Fig. 15(b) . Aer two re-adsorption processes (B / B1, C / C1 in Fig. 15(b) ), R3 undergoes an oxidation process (blue line in Fig. 15(a) , D / D1 in Fig. 15(b) ). Moreover, the undecomposed VOC is re-adsorbed by R2 (red dotted line II in Fig. 15(a) ). The adsorption period of R2 (i.e. t 21 , E / F in Fig. 15(a) ) is shortened due to prior re-adsorption (D / D1 in Fig. 15(b) ). The processes of C / F are then repeated.
Referring to the experimental results in part 3.2, it is supposed that toluene is the only VOC pollutant, and the discharge power (P discharge ) is 23 W. Each reactor contains 1 g of ECC. The oxidation process is conducted for 90 min (t 2 ). The adsorption amount (m a ) is 79 mg each time for each reactor. The decomposition efficiency (h) is 60%. The remaining toluene in the adsorbent was neglected aer each oxidation process. Since this method aims to treat low concentration VOCs pollutant, the concentration of toluene (C t ) was set at 10 ppm, with a ow rate (F) of 1.2 L min À1 . In every period of (t 11 + t 21 ), three oxidation stages are conducted ( Fig. 15(b) ). The average energy cost (EC) could be calculated by eqn (1):
where t 11 and t 21 are the adsorption time (min) of R1 and R2, respectively. They are calculated by eqn (2) and (3). 
It can be calculated that t 11 ¼ 1582 min and t 21 ¼ 1076 min. Overall discharge time covers $10% of the total treatment time on average. The average energy cost is 0.032 kW h m 3 . Since mass loss of ECC was $15% in each oxidation process, 1 g of virgin adsorbent needs to be replenished every 5907 min on average. Further investigation is needed to optimize the energy cost and reduce the adsorbent loss.
Conclusions
A new approach for toluene decomposition and adsorbent regeneration based on ECC particle-triggered discharge was investigated. This study identied the inuences on the apportionment of adsorbed toluene and adsorption capacity change. The following conclusions were obtained:
The arc discharge decomposed toluene and facilitated the desorption of toluene from ECC. Almost 60% of toluene was decomposed at one time under experimental conditions. An increase in the initial adsorption amount and discharge power benetted the decomposition capacity, but the former was limited due to insufficient residence time. Almost no ozone or nitrogen oxides were produced in the gas product. The adsorption capacity increased by 16.4% aer four storagedischarge process cycles. Using three reactors, a design for continuous treatment without the emission of VOCs was presented.
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